The ectoparasitic gamasid mites found on small mammals are important arthropods in the field of medical entomology. This paper studied the distribution and ecological niches of ectoparasitic gamasid mites on small mammal hosts in Yunnan Province of southwest China. Levins' niche breadth and Colwell-Futuyma's method were used to quantitatively evaluate host-specificity and similarity of host selection, and hierarchical analysis was used to illustrate niche overlap among gamasid mite species. Species diversity of both small mammals and gamasid mites was lower in indoor habitats than that in outdoor habitats. Most gamasid mite species were found on the body surface of the host species and niche breadths varied from species to species. A species with low niche breadth indicates high host specificity and most gamasid mites showed a relatively low niche overlap. The results suggest that a coevolutionary relationship may exist between some species of gamasid mites and their small mammal hosts.
Introduction
Ectoparasitic gamasid mites (Acari: Mesostigmata) on the body surface of small mammals (especially rodents and insectivores) are generally regarded as an important group of medical arthropods because some are suspected as potential vectors of more than 20 zoonoses. Besides dermatitis caused by feeding ectoparasitic gamasid mites, it has been proved that some gamasid mites could be vectors of rickettsial pox and hemorrhagic fever with renal syndrome (HFRS) [1] [2] [3] . Yunnan Province in southwest China (Figure 1 ) has been a persistent focal point for HFRS in recent years [4] . It is therefore deemed meaningful to investigate the distribution of ectoparasitic gamasid mites on small mammals in Yunnan Province. In recent years, Guo and his colleagues have made a series of studies on gamasid mites parasitic on small mammals in Yunnan, their research covered the fauna, geographical distribution, community structure, and other related issues concerning gamasid mites in that region [5] [6] [7] [8] . Our intention was to expand on the distribution and ecological niches of ectoparasitic gamasid mites on small mammals ignored in Guo's former reports by quantitatively evaluating host specificity and the possible coevolutionary relationship between ectoparasitic gamasid mites and their small mammal hosts. Mite ectoparasitism is a complicated phenomenon involving mutual adaptations between parasites and their hosts. As a result of long-term evolutionary and ecological processes, these complicated mutual interactions have important ecological and evolutionary implications [9, 10] . Parasitic species with high host specificity implies coevolution between parasites and hosts from an ecological view. Yet, host specificity is an ambiguous term that is difficult to quantitatively evaluate. We, therefore, introduce the concept of using the ecological niche to quantitatively evaluate host specificity of ectoparasitic gamasid mites [11] [12] [13] . On the basis of evaluating ecological niche and overlap, this paper also discusses co-evolution between selected, dominant species of ectoparasitic gamasid mites and their small mammal hosts in Yunnan Province. 
Methods

Investigation Sites. The investigation compiled data came from 28 counties (28 investigation sites) in Yunnan
Trapping, Collection and Identification of Small Mammals, and Gamasid
Mites. Small mammals (rodents, shrews, moles, sciurids, and lagomorphs) were captured with mousetraps or mouse cages (10 cm × 11 cm × 24 cm) made by Guixi Mousetrap Apparatus Factory, Guixi, Jiangxi, China. In each investigated site, mousetraps were set in two different types of habitats, indoors (houses, stables, and stalls, etc.) and outdoors (garden, plowland, bush area, and forests). Each mousetrap was baited with a section cob of corn in the outdoors or a single oil-fried peanut in the indoors. The mousetraps randomly placed in a chosen habitat in the afternoon or evening and checked at dawn the next morning. Captured small mammal hosts were removed from traps, transferred to a white cloth bag in the field, and brought to the laboratory for mite inspection. In the laboratory, small mammals were inspected for mites after anesthetized with ether over a white tray. All gamasid mites found on the body surface of each host were collected and preserved in 70% ethanol. After gamisid mite inspection, individual small mammal hosts were identified to species on the basis of morphological characteristics [14] . After the sample was processed, all instruments were cleaned with disposable paper towels to reduce the chance of cross contamination. After the investigation at one site, preserved individual mite samples were washed several times in water to remove the alcohol and mounted with Hoyer's medium on microscope slides. After clearing and drying, each mite specimen was identified to species under a microscope according to published keys [15] .
Voucher Specimens.
Representative voucher specimens of small mammal and gamasid mite were deposited in the specimen repository of Institute of Pathogens and Vectors, Dali University, China.
Distribution of Gamasid Mites.
The constituent ratios (C r ) of every captured small mammal species and their associated gamasid mite species were calculated. We defined dominant species by the higher constituent ratio compared to common or rare species. Species that accounted for more than 0.1% of the constituent ratio in a community were determined as dominant. Together with the constituent ratio (C r ) of gamasid mites on a certain species of small mammal, mite infestation rates (the percentage of infested hosts with gamasid mites) and the mite abundance (MA, mean number of gamasid mites per host examined) were also calculated for each host species. The data were analyzed by using the Chisquare test.
Measurement of Ecological Niche and Overlap.
Based on the constituent ratios of collected gamasid mites, 30 dominant mite species were chosen as the target mites for measurement of ecological niche and overlap. The total Psyche 3 constituent ratio of the 30 dominant mite species (target mite species) reached 97.68% and the rest 82 rare mite species were not considered because they were so rare. The 67 species of small mammals were regarded as 67 series of potential host resources. The individual distribution proportion (ratio) of each mite species on all 67 series of host resources was then calculated and regarded as the utilization proportion on host resources. Based on the utilization proportions, Levins' niche breadth was used to evaluate the host-specificity [16] [17] [18] :
where B i is Levins' niche breadth for mite species i while P in is the utilization proportion of mite species i on host resource n (actually individual distribution proportion of mite species i on host resource n), and S the total series of host resources (S = 67 here, that is 67 species of small mammal hosts). A higher value of B i for a certain gamasid mite species means a lower host specificity, and vice versa.
The following proportional similarity of niche by Colwell-Futuyma was used to measure niche overlap between two species of gamasid mites [19] [20] [21] :
C i j represents the proportional similarity of niche between every two species of gamasid mites (species i and j), P in and P jn are the utilization proportion of mite species i and j on host resource n, and S is the same as the previous formula. Values of C i j range from 0 (no niche overlap) to 1 (complete overlap). Hierarchical analysis under SPSS 16.0 statistical software was used to illustrate the overall niche overlap among 30 gamasid mite species. Betweengroups linkage method was used in the clustering process of hierarchical analysis, and the dendrogram was used to illustrate the clustering result. All analyses were carried out in SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, 2006).
Results
Collected Small Mammals and Gamasid Mites.
A total of 14,544 individual small mammals were captured from 1990 to 2008 in the 28 counties (28 sampled sites) and identified as representing 10 families, 35 genera, and 67 species in five orders (Rodentia, Insectivora, Scandentia, Lagomorpha, and Carnivora). We collected 80,791 individual gamasid mites that were identified as 10 families, 33 genera, and 112 species.
Habitat Distribution of Small Mammals and Gamasid
Mites. Species diversities of small mammals were much lower indoors than outdoors; that is, much fewer species were found in indoors than in outdoors (χ 2 = 55.537, df = 1, P < .001). The individual abundance of small mammal hosts and gamasid mites, however, was much higher indoors than in outdoor habitats (i.e., much more individuals were found indoors than outdoors). Of 67 species of small mammal hosts captured, for instance, only three species, Rattus tanezumi, Rattus norvegicus, and Mus musculus, dominated the indoor habitat, but their constituent ratios are relatively high (especially in Rattus tanezumi). The remaining 64 species of small mammal hosts were mainly distributed in outdoor habitats, but most of them had a relatively low constituent ratio (Table 1) .
Mite Infestation of Small Mammals.
The number of mite species on mammals varies from host species to species (from 3 to 50 species, χ 2 = 286.1, df = 33, P < .001) and most mite species can parasitize a very wide range of hosts (from 2 to 31 species, χ 2 = 109.0, df = 29, P < .001). The mite abundance of different host species also showed significant difference (χ 2 = 575.3, df = 33, P < .001). Some species of small mammals were infested with a great number of gamasid mite indivuduals (high individual abundance) but lacked rich mite species (low species richness). Other hosts, however, harbored large numbers of gamasid mite species (high species richness), but had low overall numbers of mites (low individual abundance). For example, 50 species of gamasid mites (high mite species richness) were collected from a rodent host, Apodemus chevrieri, but infested individuals displayed low mite abundance (1.61 individual mites per host). The opposite situation, relatively low species richness of gamasid mites (16, 11, 29, 18 , and 4 species of the mites, resp.) with high individual abundance of mites, happened in the following small mammal hosts: Dremomys pernyi, Niviventer excelsior, Niviventer fulvescens, Berylmys bowersi and Niviventer eha (Table 1) .
Although some small mammals harbored large numbers of mite species, most individuals had one or more mite species as the dominant ectoparasitics. For example, Mus pahari is usually infested with Laelaps guizhouensis (80.92%), Laelaps paucisetosa (49.64%), and Laelaps xingyiensis (43.47%), while Mus caroli is usually infested with Laelaps algericus (52.13%) and the genus Eothenomys often harbors Laelaps chini (Table 3) .
Distribution and Host Selection of Gamasid Mites.
In this paper, only 30 dominant species of gamasid mites were chosen as target species and they accounted for 97.68% of the total mite species collected. The distribution and host selection of gamasid mites varied from species to species. Some gamasid mite species often parasitized one or two species of mammal hosts and examples include the following mite species: L. paucisetosa, L. xingyiensis, Dipolaelaps anourosorecis, and Laelaps liui. Other mite species, however, tended to select a wide range of hosts, and L. turkestanicus and L. nuttalli are examples (Table 2) .
In our study, we found that some species achieve maximum individual abundant on certain host species, that is L. liui (97.86% ) on the host Berylmys bowersi and L. algericus (97.10%) on the host Mus caroli, while L. guizhouensis, L. paucisetosa, and L. xingyiensis (97.92%, 98.48%, and 95.71%, resp. ) were found on the same host M. pahari (Table 4 ). The results suggest that the distribution of gamasid mite species among different host species is quite uneven. Although most Psyche Annotation: The remaining small mammal hosts whose constituent ratios were lower than 0.1% and are not included in Table 1 and had an outdoor distribution. The hosts not included in Table 1 (Table 5) . A low niche overlap usually indicates that the compared species have formed a niche separation in host selection. The complicated niche overlaps among 30 of the gamasid mite species we studied were illustrated by hierachical clustering analysis. The 30 species of gamasid mites were classified into 15 niche overlapping groups when λ = 5.0 in the clustering dendrogram ( Figure 2 , Table 6 ). The gamasid mites within the same group tended to parasitize the same hosts (Table 6 ).
Discussion
Species of Ectoparasitic Gamasid Mites.
Mite assemblages on small mammalian hosts are strongly influenced by the ecological habitat of their hosts [22] . Generally speaking, broad-ranging mammals should acquire more species of ectoparasites because a larger geographical range implies occupation of different habitats, a higher probability of contact with a larger number of other species, and this should lead to higher parasite species richness [23] . Additionally, from the parasite perspective, a large geographic range should indicate that a parasitic species has a larger number of possible hosts, increasing the likelihood that more parasites become established [24] . Yunnan Province is a big province with accompanying altitude gradients and topographical variation providing complicated ecological landscapes and habitats. Plant and animal resources are abundant in Yunnan Province, which is often described as "the kingdom of plants and animals" in China. Although the field investigation in this paper involved 28 counties in Yunnan Province, it is impossible to cover all the complicated situations in all areas and habitats. As a broad-ranging investigation, we have accumulatively captured 67 species and 14,544 individual small mammals. From those 67 mammal species, 80,791 individual gamasid mites belonging to 10 families, 33 genera, and 112 species were collected. These numbers imply a high species diversity of gamasid mites in Yunnan Province. Thirty of the 112 gamasid mite were determined as dominant species. When the investigation is further extended, the individuals of some rare hosts will increased and therefore some rare species of gamasid mites on them will be probably found. The major dominant species of gamasid mites, however, should be stable and unchangeable because of the big host samples (14 544 individual small mammals). The results imply that Yunnan Province of China is rich in species of gamasid mites with high species diversity and it is a valuable research place. The outdoor habitats provided richer species diversity of both small mammals and gamasid mites compared to the indoor habitats. The species diversity of ectoparasitic gamasid mites is prominently influenced by the species diversity of their small mammal hosts.
Ecological Niche and Host Specificity of Gamasid Mites.
Small mammals are the food resource of ectoparasitic gamasid mites that consume the blood or body fluids from their hosts. The host range and Levins' niche breadth should provide values opposite host specificity for ectoparasitic gamasid mites that use the hosts as their principle food resource [11] [12] [13] . The host range is defined as the number of host species parasitized by a particular ectoparasic gamasid mite species. The host range could reflect the host specificity to some degree, but it only reflects the number of host species and does not consider the distribution of mite individuals among host species, which can cause some bias in the evaluation of specificity. In comparison with the host range, Levins' niche breadth is much more accurate for evaluation of ectoparasitic host specificity [12, 13] . A higher niche breadth usually indicates a lower host specificity, and vice versa. Ectoparasitic gamasid mites with low host specificity will naturally increase the opportunity of transmitting zoonoses assuming that they frequently change feeding sites (new host).
Ecological Niche and Coevolution.
Host specificity is the result of co-evolution between the parasite and their host and a high specificity often indicates a high degree of co-evolution. Therefore the niche breadth can also be used to demonstrate co-evolution between ectoparasites and their hosts [25] . A narrow niche breadth indicates a higher degree of co-evolution between the mite and their host, Psyche 7 Eothenomys sp 0.00 0.00 0.00 0.00 0.00 0.00 1.56 0.00 0.00 0.00 1.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.13 0.00 0.00 0.00 1.56 0.00 0.00 0.00 0.00 0.00 0.00
Niviventer excelsior 3.70 16.67 0.00 44.44 51.85 1.85 3.70 0.00 0.00 0.00 1.85 0.00 12.96 0.00 0.00 0.00 0.00 0.00 0.00 5.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.85 0.00 0.00
Berylmys bowersi 0.00 2.22 4.44 8.89 4.44 0.00 0.00 8.89 0.00 0.00 6.67 0.00 0.00 0.00 0.00 6.67 0.00 0.00 0.00 6.67 66.67 0.00 0.00 0.00 0.00 0.00 0.00 2.22 0.00 4.44 Eothenomys protidor 0.00 0.00 0.00 0.00 0.00 0.00 4.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Eothenomys custos 2.63 0.00 0.00 0.00 0.00 0.00 52.63 2.63 0.00 0.00 2.63 0.00 0.00 0.00 0.00 0.00 15.79 0.00 0.00 0.00 0.00 2.63 0.00 0.00 0.00 0.00 13.16 0.00 0.00 0.00 Nasillus gracilis 6.06 0.00 0.00 0.00 0.00 0.00 3.03 9.09 0.00 0.00 3.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sorex excelsus 0.00 0.00 0.00 0.00 0.00 0.00 3.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Niviventer eha 0.00 0.00 0.00 15.38 3.85 0.00 3.85 0.00 0.00 0.00 0.00 0.00 34.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Sciurotamias forresti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.35 8.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.35
Tamiops swinhoei 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 22.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ochotona thibetana 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.14 0.00 0.00 0.00 0.00 7.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Annotation: The rest small mammal hosts whose constituent ratios lower than 0.1% were not included in Table 2 . The species codes of 30 dominant gamasid mite species are the same as those in Table 2. 8 Psyche Eothenomys protidor 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Eothenomys custos 0.00 0.00 0.00 0.00 0.00 0.00 6.44 0.55 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 3.38 0.00 0.00 0.00 0.00 0.54 0.00 0.00 0.00 0.00 8.05 0.00 0.00 0.00 Nasillus gracilis 0.01 0.00 0.00 0.00 0.00 0.00 0.36 0.51 0.00 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sorex excelsus 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Niviventer eha 0.00 0.00 0.00 0.61 0.02 0.00 0.04 0.00 0.00 0.00 0.00 0.00 9.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Sciurotamias forresti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.76
Tamiops swinhoei 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ochotona thibetana 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Annotation: The species codes of 30 dominant gamasid mite species are the same as those in Table 2 . Psyche 9 low niche overlaps, and higher overlapping values (beyond 0.50) only happened in 8.28% of the mite species. Some niche overlaps were almost zero, as in D. anourosorecis, L. algericus, E. dremomydis, and L. liui. The results indicate that some species of gamasid mites have developed a mechanism of niche separation to avoid competition for the same host resources. Those gamasid mites tend to be parasitic on a distinct host species, leading to the niche separation. Niche separation is actually the process of natural selection, which drives competing species into using different hosts. High niche overlap often results from strong competition or repellency; yet the end result of niche separation can be an observed decrease in competition or avoidance. Some species with high overlap values should interact as competitors or intraguild predators, while other species with low pairwise overlap values are nonetheless vulnerable to the effects of diffuse competition [26] . In considering the relationship between niche overlap and competition, niche overlap should not be taken as a sufficient condition for competition. Many factors may prevent or diminish competition between populations with similar resource utilization patterns. The typically opposing forces of intraspecific and interspecific competition need to be simultaneously considered, for it is the balance between them that in large part determines niche boundaries [27] . But what drives species to overlap or partition? The mechanism remains to be further studied.
